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Modeling, Fabrication, and Validation of a
High-Performance 2-DoF Piezoactuator for
Micromanipulation
Ricardo Pérez, Joël Agnus, Cédric Clévy, Arnaud Hubert, and Nicolas Chaillet
Abstract—A high-performance compact micromanipula-
tion system is presented. The system, called the microgripper
microrobot on chip (MMOC), was developed at Laboratoire
d’Automatique de Besançon (LAB), France. Two main parts in
the MMOC design of the MMOC are discussed: 1) the piezoactu-
ator and 2) the end-effectors. The micromanipulator is partially
frabricated in a clean room and the piezoactuator system has been
machined using the ultrasonic technique. Tests of micromanip-
ulation have been carried out under both standard laboratory
conditions as well as inside a scanning electronic microscope
(SEM) chamber. Displacements in the plane and out of the plane
are 80 and 200 m, respectively, at 100 V and the MMOC seems
to be particularly useful for pick-and-place tasks. Modeling has
been performed using the Smits’ model and the results conﬁrm the
validity of the model for static boundary conditions. The authors
have also developed a combined charge and voltage control called
, which results in an order of magnitude reduction in the
hysteresis of the piezoactuator. Future work will include inte-
grating force sensors in the micromanipulator in order to measure
the manipulation force. This will allow the implementation of the
feedback control in the MMOC.
Index Terms—Control, microgripper, micromanipulation, mi-
crorobotics, modeling, piezoactuators.
I. INTRODUCTION
M ICROMANIPULATION is an emerging research topicwith applications in such diverse areas as precision en-
gineering, biology and the watch industry. Each of these areas
imposes different physical and technological constraints. For
example, adhesion forces are a common issue in the charac-
terization of the micromanipulation in different environments.
Miyazaki [1], [2], and Koyano [3] have shown that both adhe-
sion forces and handling skills inside a scanning electron micro-
scope (SEM) chamber have to take into account in order for mi-
cromanipulators to accomplish different tasks. In addition, good
force resolution is necessary to assure the success of the manip-
ulation task.
The design and characterization of the micromanipulator are
crucial steps in determining its performance. The choice of the
actuation principle for the manipulator, the materials selected,
the dimensions and ﬂexibility of the system to be integrated into
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other complex devices must all be carefully considered from the
engineering point of view.
Piezoelectric materials are a good choice for systems such as
micromanipulators due to their fast reaction times and miniatur-
ization possibilities [4]. This is the case of the microgripper mi-
crorobot on chip (MMOC) proposed by the Laboratoire d’Au-
tomatique de Besançon (LAB), France. TheMMOC is the result
of several years of research on piezoactuators. This study covers
characterization and control of piezoactuators. Previous devel-
opments in control have been utilized in this work and the results
demonstrate the convenience of such approach. The MMOC has
a simple design and the ability to be integrated in other systems.
This work presents the fabrication, modeling, character-
ization of the MMOC as well as micromanipulation tests
performed with the device. Section II presents the working
principle of the MMOC. Section III deals with the fabrication
of the MMOC. Modeling of the piezoactuator system will be
presented in Section IV while Section V describes the modeling
of the whole micromanipulator system. The characterization
of the MMOC and micromanipulation tests carried out in
the laboratory will be presented in Section VI. The control
method applied to the micromanipulator will be presented in
Section VII. Section VIII contains the conclusions and oppor-
tunities for future study.
II. MMOC MICROMANIPULATOR
The MMOC is a compact micromanipulator. Two main
components in the design of this micromanipulator are: 1) the
piezoactuator and 2) the end-effectors (see Figs. 1 and 3). The
piezoactuator system consists of a single two-layer piezoce-
ramic plate. It consists of two parallel bimorphs and is machined
using an ultrasonic technique (sonotrode). The end-effectors
used to handle microobjects are made of nickel (Ni) and are
machined using the LIGA (X-ray lithography) technique. As-
sembly of the piezoactuator system and end-effectors results in
a MMOC micromanipulator. While the piezoceramic system is
active, the end-effectors are passive and are responsible for the
micromanipulation. Fig. 1 shows a detail of the piezoceramic
actuator (left) and the nickel end-effectors (right) used in the
MMOC conﬁguration.
Thepiezoactuator system ismadeof a soft piezoceramic.Each
parallel bimorph is independent and has two degrees of freedom
(DoF).The thicknessof thepiezoceramicbimorph is400 mwith
an electrode length of 13mm.Theend-effectors are 200 m thick
with an initial gap of 250 m between the ﬁngers.
1083-4435/$20.00 © 2005 IEEE
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Fig. 1. Piezoceramic actuator (left) and end-effectors (right) as main
components of the MMOC. The end-effectors are LIGA made and the
piezoceramic is machined with an ultrasonic cutting device.
Fig. 2. Two versions of microgripper MMOC (left) and LEMMOC (right).
The example on the left is the ﬁrst packaging version. The LEMO version on
the right is much more compact and has the same performance.
Fig. 3. General micromanipulator is composed by a piezoactuator system and
end-effectors as those of the MMOC. In this case the actuation is made in the
- plane.
The assembly of the piezoactuator system and end-effectors
gives a very compact and ﬂexible conﬁguration, which can be
easily integrated in complex systems such asmicromanipulation
platforms. Fig. 2 shows two versions of the MMOC packaging
for micromanipulation tasks.
One of the main advantages of the micromanipulator conﬁg-
uration shown in Fig. 3 is the compactness. A second advantage
for micromanipulation tasks is the possibility of actuation in the
– plane (as shown in the ﬁgure) or out from the – plane (
axis) with this single structure.
III. FABRICATION
The fabrication process of a MMOC is presented in Fig. 4.
The whole process is carried out in grey and clean rooms. Typi-
cally, the assembly, machining, and packaging steps are not pre-
formed in a clean room.
Soft piezoceramic plates (PIC 151) are used for the fabri-
cation process. This piezoceramic is well adapted to the ap-
plication requirements of the microgripper where quasi-static
working conditions and large displacements are required. This
piezoceramic has a coupling coefﬁcient and a piezo-
electric charge coefﬁcient CN [8].
Fig. 4. Steps of the fabrication of the piezoactuator system of theMMOCusing
a soft piezoceramic PIC151.
Fig. 5. Bimorph piezoactuator under different electromechanical constraints
deﬁned in the Smits’ model.
After the bonding of two piezoceramic layers using a con-
ductive epoxy glue (step 1), a resin is applied on the electrode
surface (step 2) before carrying out the photolithography
(steps 3–5). The electrode pattern is deﬁned for the design of
the piezoactuator in the masks (step 3). After development
by UV exposure (step 5), the resulting plate is ready to be
machined. Machining of the piezoactuator system for the
micromanipulator is performed using an ultrasonic machining
technique [9], [10], with the advantage of having low impact
on the material properties of the piezoceramic substrate.
Fabrication tolerances play an important role in the perfor-
mance of the micromanipulator. Generally, two main sources
can be differentiated. The ﬁrst is the alignment of electrodes
of two bimorphs that can be highly affected by the tolerances
during the photolithography. This misalignment can decrease
the performance of the microgripper through the introduction
of undesirable parasitic displacements. The second source of
error is the machining of prototypes from the piezoceramic plate
using the ultrasonic technique.
IV. MODELING OF A BIMORPH PIEZOACTUATOR
The model of the piezoactuator system presented in this sec-
tion aims to determine the fundamental parameters such as dis-
placement or deﬂection angle depending upon the boundary
conditions applied to the bimorph piezoactuator. The Smits’
model [11] is used to accomplish this task. It consists of a set
of equations that are used to calculate parameter magnitudes re-
lated to a bimorph piezoactuator under electromechanical con-
straints as shown in Fig. 5.
The output magnitudes in the Smits’ model are angle , ﬂec-
tion , removed volume , and charge under mechanical or
electrical constraints such as bendingmoment , force , pres-
sure , and voltage . Equation (1) shows the matrix form of the
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TABLE I
COEFFICIENTS FOR THE -MODE
general Smits’ model. Index means the - or -mode, respec-
tively
(1)
Coefﬁcients are calculated according to Smits et al. [11]
from the piezoelectric equations, the bending moment balance
equation and the internal energy balance
(2)
(3)
(4)
(5)
is the strain, the compliance coefﬁcient, the me-
chanical stress, the charge piezoelectric coefﬁcient, the
electric ﬁeld, the charge density, and the electric permit-
tivity. Coefﬁcients for the mode obtained by Smits et al. are
presented in Table I.
The basic working principle of a single ﬁnger in the piezoac-
tuator system is the principle of a parallel bimorph. A unique
feature of this bimorph is that it has two DoF. Fig. 6 shows the
geometrical conﬁguration of this piezoactuator. The output dis-
placements and at the output of the beam are also repre-
sented.
Fig. 7 shows the working principle of the geometrical con-
ﬁguration of Fig. 6. Applying a voltage results in the output
displacement as pictured in Fig. 7(a).
Displacement results from the application of a voltage
and in a cross conﬁguration on the electrodes. Cases a and
b will be called hereafter -mode and -mode, respectively. A
third working conﬁguration is possible if voltages and are
applied simultaneously on the electrodes. The output displace-
ment is a coupled displacement between the - and -mode
as shown in Fig. 7(c).
Fig. 6. Geometrical conﬁguration of the duo-bimorph used for the
micromanipulator. Displacemen in the  and  axis are possible thanks
to the design.
Fig. 7. Working principle of the duo-bimorph with the electric conﬁguration
resulting in displacements  ,  and a combination of both.
TABLE II
COEFFICIENTS FOR THE -MODE
In a previous work [12], the authors have presented an ex-
tension of the Smits’ model to obtain coefﬁcients for the
-mode. In that work, however, de Lit et al. [12] did not calcu-
late coefﬁcients for and concerning
the charge as the result of the , , , and . These coefﬁ-
cients have now been calculated following the Smits’ approach
and are outlined in Table II.
Actuation in - and -mode can be written in a compact form
shown in (6). No coupling between the - and -mode is con-
sidered in this case
(6)
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An important working parameter of piezoactuators is the
blocking force needed to cancel the displacement generated
when a voltage is applied as shown in Fig. 5
(7)
(8)
The ratio between blocking forces in - and –mode depends
only upon the geometry. For bimorph conﬁgurations, such as
that used for the MMOC, the ratio between width and thickness
is
(9)
Another important parameter from the modeling point of
view is the evaluation of the mechanical coupling and the
efﬁciency of the bimorph system. According to Wang et al.
[13], the coupling coefﬁcient of the piezoelectric bimorph in
conﬁguration is calculated according to
(10)
The coupling coefﬁcient of the piezoactuator is deﬁned
as the ratio between the mechanical energy output and
the electrical energy input as: . The
electrical and mechanical energy are deﬁned according to
Wang [13] as and
.
The coupling coefﬁcient is calculated according to the
standard equation and it is a function of the intrinsic parameters
of the piezoceramic [14]
(11)
The coupling coefﬁcient related to the -mode is calculated
in the same way as that for the -mode
(12)
In comparing and , it is found that is four times
larger than . This result is expected if we take into account
that the stiffness is higher for the -mode and consequently the
mechanical energy produced for a given electrical energy input
is smaller. This result must be taken into account for working
and design purposes.
V. STATIC MODEL OF THE MICROMANIPULATOR
A simpliﬁed model of one ﬁnger of the micromanipulator is
considered in Fig. 8(a). This model takes into account only one
ﬁnger of the micromanipulator system shown in Fig. 3.
Thepiezoelectric actuator and the end-effector are represented
as piezoelectric and metallic beams, respectively. They are de-
ﬁned by length for the piezoelectric beam and length
Fig. 8. Simpliﬁed model of a micromanipulator used in the analytical and
FE models. The active and nonactive parts represent the piezoceramic and the
end-effector, respectively.
Fig. 9. Micromanipulation system with active part, piezoactuator, and passive
part, end-effector. A force  is applied on the tip of the end-effector generating
a bending moment .
for the end-effector. Both beams have their own material proper-
ties including the compliance and, in the case of the piezoce-
ramic beam, the piezoelectric charge coefﬁcient .
When a voltage is applied to the bimorph, the piezoceramic
beam bends and the end-effector rotates without deformation
as shown in Fig. 8(b). This is the case of one gripper of the
micromanipulator shown in Fig. 8(c). The whole system can be
scaled according to the magnitude of force and the diameter
of the object to be handled.
Equations used to calculate deﬂection correspond to those
given by de Lit [12] for the -mode. When a voltage is ap-
plied, bending of the whole structure takes place. If a force
is applied on the end-effector, a bending moment on the bi-
morph beam will appear as shown in Fig. 9.
The present model has been applied to the conﬁguration of a
2-DoF microactuator. Nevertheless, it can also be applied to the
study of micropositioning and scanning tasks, for example.
The ﬂection function and output angle for the whole
system (piezoactuator and end-effector) when no force on the
end-effector tip is applied is calculated from the previous model
as follows in (13). The superscript indicate parameters
concerning the piezoelectric beam
(13)
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where and can be calculated from the following
equations:
(14)
(15)
When a force is applied on the end-effector, the new ﬂec-
tion function becomes (16), shown at the bottom of the page.
Superscript indicates ﬂexion of the PZT beam under
force applied on the end-effector. In this case, ﬂexion of
the piezoceramic beam is due to the voltage and the bending
moment as shown in the following equations:
(17)
The output angle after applying force is calculated then
from the general model as shown in the following equation:
(18)
The bending moment applied at the end of the piezoelec-
tric beam is calculated from the classical mechanics equation
(19)
Equations (12)–(18) permit the assessment of the inﬂuence of
interaction forces on the micromanipulation system. Force is
supposed to be opposite to the bending due to the voltage. This
means that expected output ﬂection at the end of the end-effector
is less than in the free case [Fig. 7(b)]
(20)
Fig. 10 shows the effect of the reaction forces on the deﬂec-
tion of ﬁnger according to Fig. 9. The blocking force can
be considered as a reference limit. Reaction forces when han-
dling are in general much smaller than and depend on ob-
ject to be handled. A rough approach of the order of interaction
forces in the micromanipulator is where constant
has to be determined for each particular case of manipulation.
A force of 50 mN for instance reduces the free voltage
bending of 15% according to the results of the analytical
model developed in this section. For the present case, the
blocking force can be calculated from (21). The condition to
calculate the blocking force comes from the equation
(21)
Fig. 10. Variation of the deﬂexion  with the reaction force  . The limit is
given by the  axis (  ), which represents the blocking force of the whole
system, bimorph and end-effector.
The last equation can be simpliﬁed under the approximation
that and are sufﬁciently small and consequently
the product can be neglected. The remaining
equation for the blocking force condition is
(22)
Substituting from (17) and (18)
(23)
The last equation is similar to the precedent equations for the
blocking forces in - and -modes. The main difference is the
ratio between the piezoceramic and end-effector lengths
and .
VI. CHARACTERIZATION OF THE MICROMANIPULATOR
Characterization of a MMOC micromanipulator has been
done with samples shown in Fig. 2 in two different environ-
ments: the laboratory and SEM chamber. Results obtained in
both cases are quite close and no inﬂuence of the environment
on the performance of the MMOC has been observed. Output
displacements of the micromanipulator are 200 m outside the
- plane (called axis) and 80 m in the - plane (called
axis) at 100 V. Fig. 11 shows the hysteresis loop of the tip of the
end-effector and the theoretical value expected. Measurements
are quite close to the theoretical values obtained with the
proposed model in Sections IV and V. Hysteresis measured in
(16)
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Fig. 11. Variation of the deﬂection  versus the applied voltage  for
a piezoactuator beam. Results from the model (dots) and hysteresis loops
measured in the laboratory are plotted.
Fig. 12. Variation of the deﬂection  with the frequency. The ﬁrst resonance
frequency is situated at 400 Hz.
the laboratory for this case is 24.6%. Similar values have been
measured in the SEM chamber.
Frequency characterization has also been performed in the
laboratory and the results are shown in Fig. 12. The ﬁrst bending
mode outside the - plane corresponds to 400 Hz. The band-
width estimated from the results is 100 Hz for the MMOC ver-
sion shown in Fig. 2.
VII. CONTROL
Preliminary results concerning a charge control for the dis-
placements of piezoactuators in open loop have been proposed
by the authors in a previous work [15]. We propose to describe
in this section a control method based on the combination of
constant charge control and constant voltage control. An impor-
tant reduction of the hysteresis, up to one order of magnitude
less than the nominal value of the hysteresis, is obtained by this
method.
Piezoactuators are generally controlled using either an open
loop with voltage control input or a closed loop with a position
Fig. 13. Hysteresis loop of a piezoceramic for a displacement voltage
representation.
Fig. 14. Control principles of piezoelectric actuators.  and  are,
respectively, the voltage and the electrical charge applied on the piezoactuator,
 is the strain of the material.
set point and an applied voltage on the actuator. The ﬁrst case
consists of a simple control in which a voltage is applied to the
terminals of the piezoactuator. The main disadvantage of this
method is the nonlinearity between the deformation (position)
and voltage. Typical values of hysteresis for a soft piezoceramic
can reach 20%. Fig. 13 shows the hysteresis loop of a piezoce-
ramic for a displacement ( )–voltage representation.
Due to the lack of precision in the displacement , three dif-
ferent solutions can be used. The ﬁrst consists of implementing
a position servomechanism. This method is very efﬁcient, but
it is also very expensive because of the position sensor and the
appropriate regulation system required. Another solution to this
problem is the implementation of linear control based on the
behavior of inverse models such as those of Preisach [16] and
Maxwell [17]. The disadvantage of this approach is the lack
of robustness of the linearization when the model is applied
to different kinds of piezoactuators. A third solution consists
in using a compliance feedback charge driver [18], [19], which
offers less hysteresis than voltage control and compensates for
charge losses. This method gives low-frequency bandwidths in
the megahertz range but the proposed control method can keep
the position in static conditions that could be needed within po-
sitioning applications.
A. Control With Constant Charge
Generally, piezoactuators are controlled with the applied
voltage due to the ease of implementation of such a system.
Nevertheless, the electromechanical transfer between the ap-
plied voltage and the strain is not linear. Hence, the strain is
not the proportional as the voltage increases and decreases
[see Fig. 14(a)]. Another control option consists of using a
charge control [see Fig. 14(b)]. As a result, a constant quantity
of free electrical charges is applied on the electrodes of the
piezoactuator. This control method results in a more linear
behavior between the applied charge and the strain.
Equations (24) and (25) can be used to explain the difference
between the voltage and charge control methods. Under no ex-
ternal stress ( ), (2) (see Section IV) indicates that the
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Fig. 15. Phenomenology of the charge control on the quantity of free charges
on the electrodes of a piezoceramic with polarization  and thickness .
Fig. 16. Phenomenology of charge control of a piezoceramic with polarization
 and thickness .
strain is proportional to the electric ﬁeld . For the elon-
gation of a planar piezoceramic structure, can be written by
substitution of from (24) and (25) as follows:
(24)
The Gauss law allows determination of the free charge quan-
tity on the electrodes of the piezoceramic as follows:
(25)
where is the surface of the electrode. Substituting from
(25) into (24), we obtain the linear equation of the strain linked
to the stress and the free charges as
(26)
Fig. 15 shows the result when a constant voltage is applied
on the electrodes of a piezoactuator. If a polled ceramic ( )
with a thickness is considered and a voltage is applied at
, a quantity of free charges appears on the electrodes
of the piezoactuator. At , after the complete strain of the
material is reached, the polarization becomes and the
thickness increases to .
To keep the voltage constant, some additional free charges
are added by the voltage supply (schematically represented by
one more charge on the extended conﬁguration of Fig. 16). In
this voltage control, the quantity of free charges is not main-
tained. Consequently, the relation between voltage and strain
is not linear for the piezoactuator. In the case of a free charge
control (see Fig. 16), the charge is maintained constant and the
strain is proportional to this quantity as pointed out in (26).
The principle of the charge control [see Fig. 17(a)] has been
proposed by Comstock [20] and used for a stack by Main [21].
In this work, it is demonstrated that the charge in a piezoac-
tuator obeys the equation: . Newcomb [22]
proposes a solution based on the constant current integration
within a given time to obtain a charge amount: ,
Fig. 17. Different control implementations to achieve a constant quantity of
charge on the electrodes of the actuator.
Fig. 18. Voltage control: strain  stable in time, but the transfer between 
and  is nonlinear.
Fig. 19. Charge control: linear transfer between  and, but discharge of the
actuator.
where [Fig. 17(b)]. Newton [23] improves this
principle by measuring the amount of charge through an inte-
grator [Fig. 17(c)]. Janocha [24], [25], presents a technical so-
lution equivalent to the previous one but the current integration
is measured by means of a software structure.
B. Control
Two major difﬁculties have to be overcome when working
with methods in constant voltage and constant charge.
1) Voltage control of piezoactuators presents a hysteresis be-
tween the applied voltage and generated deformation (see
Fig. 18). The main difﬁculty is to make this control linear.
2) Charge control of piezoactuators can result in position
drift as the charge dissipates (see Fig. 19). The time con-
stant of the discharge depends on the piezoactuator and
goes from some hundreds of milliseconds to tens of sec-
onds. The problem to be solved is how to avoid the loss
of charges.
This section presents the principle of the control devel-
oped by the authors. This control allows a static linear behavior
in open loop between the deformation of a piezoactuator and its
control signal. A hybrid control in charge and voltage is used for
this purpose. The resulting control takes advantage of the best
features of each of these two control methods.
168 IEEE/ASME TRANSACTIONS ON MECHATRONICS, VOL. 10, NO. 2, APRIL 2005
Fig. 20. Flow chart of the  control using a combination of voltage and
charge control method.
Fig. 20 shows the working principle of the control in a
ﬂow chart. Four steps are considered in this approach.
1) Application of a quantity of charges to the electrodes of
the piezoactuator for a given displacement according to a
position control.
2) Measurement of the voltage at the electrodes of the
piezoactuator for the quantity of charges applied.
3) Application of a voltage to keep constant the electric
charge at the electrodes of the piezoactuator.
4) If the set point is changed, the circuit repeats the three ﬁrst
steps by applying a new quantity of charge. Otherwise, the
circuit maintains the charge until a new set value is given.
The implementation of this solution consists of switching in
real time from a ﬁrst conﬁguration to a second one. The ﬁrst
conﬁguration consists of applying a quantity of controlled elec-
tric charges to the electrodes of the piezoactuator. The second
step consists of applying a continuous voltage corresponding to
the charge previously applied. The applied voltagemaintains the
charge at the desired value.
Fig. 21(a)–(c) show the solution developed in this work. The
switching between the charge and voltage controls ismade using
high-speed CMOS analogical switches to controlled by
the logic signal . Switch , controlled by , is positioned over
’Reset’ with and to at ’voltage mode’ with to de-
ﬁne the initial conditions of the device ( V, C).
The functional block makes measurements of the output
voltage of the ampliﬁer . The latter is mainly composed of a
gain to reach that allows the calculation of , i.e., the
continuous voltage to apply in order to keep the charge constant
through a voltage ampliﬁer (AOP, , ), as
(27)
Fig. 22 compares the free deﬂection measured using voltage
control and control for a bimorph piezoactuator in
-mode. Voltage control of the piezoactuator gives a hysteresis
of 21% for the total amplitude of the deﬂection. For the
control, the residual hysteresis is reduced to 3.4%. In this
example, measurement of is the measure of the quantity of
charges applied ton the actuator, and the switching from
charge control to voltage control is made in a time of 20 ms
after the application of the charge.
The control is particularly suitable within microposi-
tioning applications when we need to keep a constant position
but is not well adapted within high dynamic applications like
active noise control because of the delay to measure the voltage
corresponding to the applied charges.
VIII. MICROMANIPULATION TESTS
Micromanipulation is the goal of the MMOC developed
at LAB. Training and testing have been carried out with the
MMOC in different environments. It has shown the possibilities
and limitations of the micromanipulator system.
The MMOC prototype includes duo-bimorphs whose dimen-
sions are 13 mm long, 1 mm wide and 0.4 mm thick. These are
integrated into a LEMO connector 43 mm long and 12 mm in
diameter from which emerge the useful parts that are in con-
tact with the manipulated objects., i.e., the end-effectors. The
end-effectors are 12 mm long and 0.2 mm thick.
The performance of the MMOC is characterized by the fol-
lowing.
1) The measured strokes of open/close motions and up/down
motions are 320 and 400 m, respectively, for V.
2) The estimated blocking forces on each end-effector tip are
55 mN in gripping (open/close, direction) and 10 mN in
insertion (up/down, direction) for 100 V. These estima-
tions were obtained using a ﬁnite element modeling.
3) The measured ﬁrst resonance frequency is 1070 Hz for
gripping motion and 450 Hz for up and down motion.
One of the environments considered for the training and
testing step has been a SEM chamber. One of the advantages
of this experience is the possibility of observing with high
precision the micromanipulation process. Fig. 23 shows some
of these micromanipulation tests developed in a SEM chamber
with a MMOC sample.
Manipulation grains in the pictures correspond to a Ni-Co
alloy powder. The size of grains ranges from 150 to 200 m.
These dimensions suit the range of displacements of the micro-
manipulator. Pick-and-place tasks have been carried out in the
SEM chamber. The main difﬁculty to this operation is the coarse
approach in when handling the powder and is the subject of
further study.
A crucial point to be regarded in the near future in these
pick-and-place operations is the role and the quantiﬁcation of
the adhesion forces. For this, a force sensor is necessary. Force
sensors are widely studied at present in microrobotics and au-
tomation ﬁelds [5]–[7], however, currently, no force sensor has
been implemented in the micromanipulation system presented
in this section. Much effort is being made at present to permit
the integration of a force sensor in the MMOC conﬁguration.
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Fig. 21. Solution proposed in this work for the  control of piezoactuators.
Fig. 22. Different implementations to control a piezoelectric actuator. Dashed
lines: voltage control of an actuator with length of 13.5 mm. Solid lines: 
control of the same actuator with length of 9 mm.
Other examples of manipulation made in the laboratory are
shown in Fig. 24. Pick-and-place tasks have been also carried
out with salt grains (left) and watch screws (right). Salt grains
are typically of some hundreds of microns in size. They present
the advantage of being cubic shape and can be easily manipu-
lated by the micromanipulator.
Another interesting test is the manipulation of microobjects
such as microcomponents. Fig. 24 right shows the manipulation
in pick-and-place of a screw for a watch. In this case the diam-
eter of the screw reaches submillimeter dimensions. As in the
previous cases the main limitation of handling is imposed by the
Fig. 23. Micromanipulation of Ni-Co alloy powder in a SEM with the MOC.
Powder is from 150 to 200 m size.
Fig. 24. Micromanipulation of salt grains (left) and watch screw (right) made
in the laboratory with the MMOC.
optical system. The -coarse to get near the object before han-
dling is still delicate. Some solutions to this problem are being
studied at present.
IX. CONCLUSION
Micromanipulation feasibility depends highly upon the mi-
cromanipulator skills. The MMOC presented in this paper has
two main advantages. First is its ﬂexibility to be integrated in
other more complex systems such as a micromanipulation plat-
form. Second is its ability to perform micromanipulation tasks.
Models proposed by Smits and de Lit have been applied to the
MMOC piezoactuator system. These permit the determination
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of different parameters related to the performance of the system
including the output displacement. According to the applica-
tion domain and boundary conditions, scaling of the piezoac-
tuator system such as the duo-bimorph can be made using these
models.
The proposedmodel can be applied to characterize the perfor-
mance of a duo-bimorphwith end-effector. It can also be applied
to other systems such as micro positioning or scanning systems.
In the case of the micromanipulation, the end-effector is respon-
sible of handling objects. The inﬂuence of handling forces is
assessed with the model proposed by the authors. According to
the results, forces of some tens of milli-Newtons on the end-ef-
fectors produce a reduction of 10% in the displacement of
the micromanipulator. Characterization of the MMOC has been
made under static and frequency dependent boundary condi-
tions. Displacements in the - ( - plane) and -mode (out of
the - plane) are 80 and 200 m at 100 V, respectively. Hys-
teresis can reach 25% for an open-loop conﬁguration. The ﬁrst
resonance frequency corresponds to a displacement out from
the - plane at 400 Hz.
A control developed by the authors has been imple-
mented. The principle of the control takes advantage of
the charge and voltage controls. It makes the reduction of the
hysteresis in a factor of 10 possible. In addition, charges are
kept on the electrodes of the piezoactuator. This method does
not need a control model and can be consequently applied to any
piezoactuator. The only limitation of this method is imposed by
the electronics. Parameters necessary for the implementation of
this control are the value of the capacity and the response time
to a step function of the piezoactuator. These characteristics are
easily obtained from the data sheet of the manufacturer and con-
sequently do not represent a limitation on the implementation
this control. Finally, the control method presented in this work
can be applied to any piezoactuator.
Micromanipulation training and tests have been carried out in
a SEM chamber and in the laboratory. Results conﬁrm both the
potential applications of the MMOC as well as the difﬁculties
in handling objects, primarily due to the limitation of the optics.
A further step in the design of the MOC micromanipulator is
the integration of a force sensor to permit the feedback control
during the manipulation.
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